This study describes the use of rainwater and greywater (originated from bathroom only) for provision of non-contact indoor and outdoor use in high-rise buildings. A brownfield development site in Box Hill suburb of Melbourne was selected as case study site for this investigation. The performance of alternative servicing options was compared with conventional water supply, stormwater and wastewater servicing. A water balance model UVQ (Urban Volume and Quality) was applied to determine storage capacities and to evaluate the percentage reduction in water supplying, stormwater run-off and wastewater disposal, as well as volumes of rainwater use and greywater reuse. In this study, the impact of variation in collection area (600 m 2 and 900 m 2 ) and appliance discharge volumes was examined. A number of demand management options were also investigated. The results of this study indicate greywater reuse is more suited than rainwater use for this development because of the steady, constant supply of greywater compared to the highly fluctuating, storm-event supply of rainwater and the high population density creating comparatively large volumes of greywater.
INTRODUCTION
Water resources such as rainwater (Coombes et al. 1999; Zaizen et al. 1999; Handia et al. 2003; Ghisi 2006 ) and treated greywater (Christova-Boal et al. 1996; Nolde 1999; Madungwe & Sakuringwa 2007; Pidou et al. 2008 ) have attracted increasing interest in recent years in many countries. The application of these water sources contributes not only to diminishing surface water and ground water resources but also, eases the pressure of reliance on wastewater treatment plants, but also reduces energy consumption.
Integrated Urban Water Management (IUWM) and fit for purpose concepts were applied to investigate the application of alternative water resources in high-rise development. The integration of water, wastewater and stormwater services systems were considered in an integrated water management approach. A conceptual water resources management system is shown in Figure 1 .
Thus far, research has primarily focused on potable water saving (Villarreal & Dixon 2005 ) and greywater quality improvement (Gray & Becker 2002; Halalsheh et al. 2008) , and limited work has been conducted considering the total water cycle. Furthermore, there are very few past studies on rainwater and greywater supplies in brownfield sites. This paper endeavours to further the knowledge of integrated water system in high-rise buildings by conducting a water balance analysis of an array of water servicing options. The outcome of this modelling study should better inform decision making for choosing a preferred design. The rainfall pattern of Box Hill does not fluctuate, so the rainfall offset between each month is within 27.5 mm throughout the whole year. The monthly average maximum temperature is 25.88C which occurs in February: the minimum average temperature is 5.88C in July (Table 1) .
Modelling UVQ (Urban Volume and Quality (Mitchell & Diaper 2006) ) was adopted as the water balance modelling tool. 
Water usage and water demand
Before considering the possible options (detailed in section of Simulations), water usage and water demand quantities were obtained by using the UVQ model.
Simulations
In order to reduce demand on the potable supply system, opportunities for rainwater and treated greywater were considered to supply toilet flushing, clothes washing, and outdoor use (including garden watering, car washing and fire sprinklers). Specifically, three options were considered: † Rainwater for toilet flushing; † Treated greywater for clothes washing, toilet flushing and outdoor use; and † Combination of rainwater use and treated greywater recycling for toilet flushing, clothes washing and outdoor use. 
Volumetric reliability
Volumetric reliability (VR) is the proportion of the demand supplied and is defined as the volume of supplied water divided by the total water requirement (i.e. demand) during the entire simulation period (Sharma et al. 2008) .
Volumetric reliability data was used to determine the storage capacity required for different feasible end use demand options. For this case study, when volumetric reliability of the alternative water resources supply was below 100%, the drinking water system was assumed to be connected as a backup.
Integrated water system analysis
A range of integrated water system scenarios were investigated and compared with a 'Reference' scenario (i.e. base case). This scenario comprised the White Paper Demand 
RESULTS AND DISCUSSION
Rainfall and temperature data Table 1 shows the averages of monthly rainfall, maximum and minimum temperature for 80 years data.
At the study site, the average yearly rainfall is 774 mm (Table 1) . Rainfall, in average terms, is relatively steady from month to month, ranging from 50.9 mm in January to 78.4 mm in October.
Water usage
The expected mains water consumption for this development is shown in Figure 2 . Two levels of demand management are considered, "standard" and "improved". 
Water demand
Water demand quantity for this study area is estimated as the demand levels of "Standard" and "Improved" respectively. End use demand is introduced in order to identify which end use can be met by applying rainwater and/or greywater. Table 2 gives the detail of water demand for "Standard" and "Improved" levels.
Rainwater system
Rainwater harvesting systems are generally considered as an environmentally friendly and economic way to harvest water. Rainwater tanks not only supply water for various (1) Impact of roof areas
Volumetric reliability and storage capacity
The volume of rainwater that can be harvested is a function of the available roof area. Roof areas of 600 m 2 and 900 m 2 for each building were selected for this study, with toilet flushing considered as an end use. Figure 3 shows the trend of volumetric reliability versus rainwater tank sizes. Figure 3 shows an assessment of rainwater tank performance for two collection areas and tank volume.
The most efficient tank volume balances volumetric reliability, financial cost and land space. In the context of this study, this is assumed to be the point where curves begin to flatten. The storage capacity for collection roof area 600 m 2 is assumed to be 25 kL for each building (approximately VR 52%). Increasing the collection surface area to be 900 m 2 provides 9.9 ML potable water saving per year with a required storage 60 kL for each building (VR of 77%) ( Figure 3 and Table 3 ). It should be noted that the exposed surface area is assumed to be zero for all of the tanks modelled for this paper.
Integrated water system analysis
The authors considered the integrated water system analysis to be a comprehensive approach in terms of water supply, stormwater and wastewater discharge.
Water supply is reduced by 6.9% if a 600 m 2 roof area is assumed and 9.9% for a 900 m 2 roof compared to 'Reference' scenario. Stormwater is likewise reduced by 73.8% and 75.7% (Table 3) .
(2) Influence of different appliances
Volumetric reliability and storage capacity
In order to assess the influence of different types of appliances used for the whole water system, daily toilet consumption per capita of 10.0 L ("Standard") and 7.6 L ("Improved") were considered in this study. Figure 4 shows the volumetric reliability curves for influence of various domestic devices.
From the curves in Figure 4 , a 52% volumetric reliability can be achieved with a tank of 25 kL (each building)
with the "Standard" appliances installed; if "Improved" Tank water use (ML/y) 6.6 9.9
Mains water reduction (%) 6.9 10.4
Stormwater discharge reduction (%)
73.8 75.7
Figure 4 | The volumetric reliability curves for indoor use.
appliances are used, 68% volumetric reliability is achieved with a tank storage of 35 kL (each building). These two systems can substitute virtually the same volume of drinking water (6.6 ML/yr) ( Table 4 ).
The rainwater storage capacity is relatively greater for the "Improved" scenario than the "Standard" due to the water demand of the former being minor in comparison to the latter. It should also be noted that lower water demand leads to larger volume excess from rainwater tank.
Integrated water system analysis
The values presented in Table 4 show that imported water conservation for "Standard" option is 6.9% compared to 11.9% for "Improved" option because the low flushing toilet is used in "Improved" scenario. It can be seen from Table 4 that rainwater use significantly contributes to reduction of stormwater run-off to receiving water bodies.
There is not much difference in the stormwater discharge reduction ratio between these two cases due to the similar tank water use. Wastewater discharge percentage reduction for "Improved" option is 3.3% in comparison to 'Reference' scenario. The basis for this is the uptake of 'high tech' water efficient toilets in this case analysis.
(3) Combination of installing water efficient devices and adopting large collection roof area
If water efficient appliances are installed and a rainwater collection area of 900 m 2 is adopted, a volumetric reliability of 94% can be achieved with a rainwater tank capacity of 90 kL (each building), which equates to 9.2 ML of rainwater used per year.
Greywater system
In comparison with rainwater tanks, greywater recycling has significant potential as an alternative water service in high-rise residential buildings. In this study, it is assumed that greywater is only collected from the bathroom (accounting for more than 48% of indoor and outdoor use, Figure 2 ), which is considered to be the least contaminated type of greywater. Greywater from bathroom alone would still provide more than enough water needed for washing, toilet flushing, and outdoor use (either for "Standard" or "Improved" water levels in Box Hill site, Figure 2 and Table 2 ).
(1) Influence of various appliances
Volumetric reliability and storage capacity
All domestic plumbing fixtures are water efficient appliances for the "Improved" option to examine the integrated water system in comparison with the "Reference" option. 
Integrated water system analysis
Use of greywater in high-rise buildings has the potential of significantly reducing imported water supply (see Table 5 ). Tank water use (ML/y) 6.6 6.6
Mains water reduction (%) 6.9 11.9
Stormwater discharge reduction (%) 73.8 74.0
Wastewater discharge reduction (%) 0 3.3 6.9% (6.6 ML/yr) in imported water supply and 73.8% in stormwater discharge can be achieved. From the perspective of improving end use efficiency and increasing collection area, the former is more attractive than the latter in terms of imported water conservation and wastewater leaving this site.
Greywater reuse system
Greywater reuse has greater potential than rainwater tanks for centralized reducing potable water supply and it can also significantly reduce wastewater discharge. For the scenarios analysed, greywater can achieve reductions of 36.2 ML and 28.4 ML per year on water supply respectively for "Standard" and "Improved" water levels if it is used to supply washing machines, toilets, and outdoor use. The required tank storage capacities are 5.5 kL and 4.5 kL, and have a volumetric reliability of 100%. With regards to wastewater disposal, greywater recycling is estimated to reduce discharge by 37.1% to 52.7% depending upon the scenario.
Non-conventional water applies have been found to have potential in a holistic water management system for the Box Hill site. 
